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AtbeiOKcktotit U one of ihc mujor hctilth problem v i*orldwiifc + 
drivin|* * jniiin jstular nxttbidity and motl^tiiy. The Lmik™urxhn£ 
of jihcrogetiCM% ha% dramjlk^lly improved over the bit decade, 
allowing ihc idcntilicalHm of new therapeutic lutfelst and Ibc 
development of novel therapeutic *irjiccicv EndodietLi] 
dyihjnctioo U j firtt ttcp in ithcrogenc*i% |t| + ^nd it \t 
rfuttticrizcd by reduced nitric oxide (NOi bioavaiUbilily und 
increased generation of rcuciive oxygen >{iecic4 <ROS) in ihc 
vatcabr wall |2|< Oxidative *uc« it defined by the imbtdjrwr 
between the production of ROS and ihc endoccnout iniioxidant 
> counteraci rhc effects of ROS or lo repair Ihc 
damjecs Under phy^iolocical ctmdilionis scvcful 
Ujfhtty conin>llcd oxidative pathway* contribute lowjrdh ROS 
prouuctionK, while tcvctal intra- and extra- cellular antioxidant 
cru> h malic mechanismi account for ROS elimination |3|, Oxidative 
htrcht it therefore a critical feature in athcritgcne*iv ROS arc 
responsible for direct damage to cellular structure* within Ihc 
vascular wall, while they alio trigger a number of redox tcn*itivc 
tran*criptional pathways thit^ing tittrard* a pro-atberttgenic 
tranKcripioiDic profile. 

Low demily lipoprotein tLDLt i\ the critical element in the 
prevailing theorict. of jthcrogencM*. tXpmition of LDL* in the sub 
cndothetUI %pace and Ibe tuhbequent trantcytotii by rtndenl / 
circulating mjirro phage * lead to fiHroation of foam cell* the 
hallmark of athctotclcroM* (4|. Oxidation of circulating LDLt 
partKlcti occur* primarily at the vatctiUr endothelium rather than in 
pla>.rru. which i* enriched with innate antioxidant defence 
mechanitm* |5|. LDL become* entrapped in the sub -endothelial 
*pace where it i* Mibjcct to oxidative mitdificaiion to form oxidi/cd 
LDL <oxLDLr Thi* it then readily inlcrnalircd by macrophages 
through the "scavenger receptor" pathway originally described by 
Brown and Goldtlein |rl|, leading to the accumulation of foam cells 
jnd *ubtcqucni atherogene*)* |n| + 
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Endothelium has been identified at a major source of ROS in 
the human blood ve**c1* |7| and endothelial function i* closely 
linked to homeostasis of ROS formation within the vascular w all 
|S|. Risk factor* for aUicrotclerosis such a* smoking, hypertension 
and dUbeles mcllitus. are associated with an increased production 
of ROS by the endothelium. A* LDL* traverse the sub endothelial 
space in lesion prone arterial segments, oxidative damage caused by 
these ROS occurs This involves Ibe process of lipid peroxidation 
and apo lipoprotein 6-100 modification, leading to the formation of 
oxLDL* oxLDLs are involved in many atherogenic steps in the 
vascular wall such a* endothelial dysfunction, migration of 
macrophage* and smooth muscle cellt and release of inflammatory 
cytokine*, and are avidly internalized by macrophage* via 
scavenger- receptor pathways. En addition. oxLDL alto induces 
further oxidative *tre*s to the endothelial cells, smooth muscle cells 
and foams cell*. Ihus perpetuating the cycle of atherogene* i*. 
further to its involvement in atherttgenesi*, circulating oxLDL has 
also been implicated in the pathoeenetit of metabolic disorders 
such as obesity and diabetes meftitus |9|. The critical role of 
oxLDL in atherogenesis was highlighted by recent evidence based 
on apolipoprotein H tApoE) deficient mice, which demonstrated 
that atherosclerotic progression could be completely inhibited by 
ectopic hepatic expression of lectin -I ike oxLDL receptor 1 {LOX 
] < Decreased levels lipid peroxide and monocyte chcmotacilc 
protein I <MCP1) were observed in the same mice, suggesting a 
positive effect on oxidative stre*s by selective clearance of oxLDL 
1 10). A schematic illustration which highlights the role of oxLDL 
throughout Ibe stages of atherogenesis it shown in Fig. (tk 

In accordance to its ubiquitous involvement in atherogene* is, 
there has been significant effort lo evaluate the circulating oxLDL 
levels a* a biomarker for Ihe progression and severity of advanced 
atherosclerotic disease state *uch a* coronary artery disease CAD» 
In a prospective case control study involving 346 subjects, elevated 
plasma oxLDL level in apparently healthy men was associated wilb 
increased risk of an acute CAD event. After adjustment for the 
traditional risk factors of CAD, *ubjccta in die highest terule of 
plasma oxLDL has a significant hazard ratio tHRi of 4.25 for a 
future CAD event compared to subjects in the lower tertile. In this 
cohort, plasma ox LDL was a stronger predictor of future CAD 
events when compared to other traditional risk 
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cixiiTtttionul bpctprotcin profile 1 1 1 1 A i'Ijmk" xtudy m* estig ate 'd 
whether locK of oxLDL reflect the presence and extent of CAD 
based un sororurv angiography finding m 504 patient** In Ihi* 
htudy. IcteJx of oxLDL were repotted a* the oxidised phuiphtdnpid 
content pel particle »f apolipopiotein B*10I) iovFL:apo BLIXI muu> + 
A ttnmtr anil pittftc*ux uiuicuukio between uxPL:jp» D 100 nun 
Willi the pretence and extern ol CAD wjk iJemonMnileil. ' un ,ip- 
B UH) muni « j- in ndepeiulcni prexlKlur a: ihc piehente pf CAD 
j« confiraied hv jneu^raphy amunf&t vubjeett 6l> yc&\ vl «pe or 
lounger Further, hy cumbming the* ratio *ilh the cholrOeioJ 
pnrfile. Uie oddi r. i tW predicting underpins CAD in yuune 
Hibfctli «w> vvjrv t>U > vij* di»titj0y l j : ; I" 1 ■ hpupnilein 

mraiuieJ m the t^me cohort wax jImi ^htmn to be cprrdjied Willi 
the pieMfnce of obilruelire CAD + tuege^tine tiitil Hie jtheiupcnicity 
of I . Jn^oprutein may be nteduled m pjrt by aLtoeitiied pea 
mil jmntjtncy oxLDL Similarly, phunu level ul oxLDL and 
•intttHhlRn ro oxLDLf jnii oxLDLl were mcj-tuied in a *lui!y al 273 
individual t compri^inp pjtienu itidi CAD and healthy mbjevU. 
Level* of both oaLDL and anO oxLDL anlibodie* were 
MgnilicantK hitfhei in patient* with angina t>mpiom^ compared to 
beaUli) tubjtvti. Amunftt patienu with angina tymptoen^ 
ugnilicanth' hifher level* of oxLDL and anti^irxLDL antibodies 
were furlbrr ohtenvd in patient* wwh xirulablc angina ftymp(um + 
curapared lo those w ith tiable tympruni* |13|. 



Advanced aiiv ion c I erotic diwase often maniletU due to 
complications from an acute event relaled lo the diiroption of 
alherotcleiolic plaifues. As the plaque burden within a segment of 
llie ariery iocteaiev the letion max graduaJly develop feature* 
whkkh render il "vulnerable", with a prupenMty ■ - . .init plaque 
diuup4iorL *ubn:qucni luminal mrtunbivmbolEiation and resulting 
m downstream iirvan enjurx fl-11 Fxiither lu the auooauon with 
ditca-te pixigrexuon and teverity ol advance alherovclerolK di*ea»e 
vtalex, irxLDL hat aUo attracted much interent for tlx potential 
intofvement in the development of vulnerable plaque* In a *mall 
prospective xlody, pabent* widi complex coronary plaque* 
cpcifenm^ vulnerable feature* a*atte»ed by an^ioeraphy were 
shown to have xignificantly higher level* of oxLDL + supporting an 
association between oxLDL and plaque instability |I5|. Acute 
myocardial utfantion <AMI> Ik an exemplarx h clinical ex + ent 
tecondary lo plaque rupture. In patient* pre-*entmf wilh ANfl. 
oxLDL teveli were found lo be wf nilicantly higher than in patient* 
wilh uruiable or liable angina symptom** m atherectomy nficcimen« 
obtained horn patient* with CAD* the uaiface area containing ox- 
LDL positive rnacruphaee* w a* *if nificanily tuelier m patient* wilh 
unstable angina lymptomt cumpared lo lbo*e widi stable angina 
1 16|* Local blmd sampling of ine culpnt ctnxinary arterial *cf ment 
under distal occkixion at the lime of peicuUneou* coronary 
intervention tPCIl performed for acute coronary *yndrome 4/\CS| 



tied a significantly higher ci>nccniration of plasma oxLDL as 
compared to the Mood collected at the aortic root, upsiream of Ihe 
culprit plaque lesion* This lends strong evidence lhal oxLDL may 
be directly released from the vulnerable plaque (I7| h The 
association between oxLDL and the vulnerable plaque phcnotypc is 
not limited lo ihe c*»ronary artery. In atherosclerotic plaques 
retrieved from patients who underwent carotid endarlrcctomy 
(CEAj. plaque oxLDL was found lr> be several folds higher than 
plasnu oxLDL. Carotid plaques were classified by 
■iwmnohi stoc hem istry based r>n Ihe abundance of macrophages 
<Mph Mp rich plaques contained significantly higher oxLDL than 
Mp poor and c*»rrcs ponded with ihe specific oxLDL antigen 
iDLH3) posittvity of rite plaques. Amongst patients with Mp-rkh 
candid plaques, plasma oxLDL was also significantly higher than 
in Ihe control subject* |IKJ. In anolher study, nhrch examined 
plaques* from 114 symptomatic patients referred for C LA, the 
humoral immune response represented by the immunoglobulin tig) 
M and JgC against specific oxLDL antigens were determined. 
Differential plasma lg profiles were observed between subject* with 
vulnerable stable plaque features Such findings support Ihe 
concept ihal immune response againsl oxLDL epitope* involved in 
alhrroerncsis and the level of such circulating antibodies may 
reflect disease activity in the arterial wall \W\ Taken together, 
these findings demonstrate the strong association between oxLDL 
and the underlying diagnosis of atherosclerosis, the severity of the 
disease process*, and even ihe propensity of finical complications 
due to plaque instability* 

BALANCE BETWEEN ROS AND ANTIOXIDANT DEFEN- 
CES IN THE IICMAN VASCULATURE 



'Human Vascular Wall 
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The state of oxidative stress m rivi> is governed by h the intricate 
interplay between enzymatic pathways liable for ROS production 
and the various endogenous or exogenous anti oxidant mechanisms 
responsible for ROS elimination. These different tiers of pathways 
allow ihe potential for therapeutic modulation of oxidative stress 
and will be briefly discussed; 

In aerobic cells, ROS are formed as intermediates in the redox 
processes involved in various physiological and pathophysiological 
processes, such as cellular metabolism, interaction of ionising 
with biological molecules, or synthesis by dedicated 
pathway* [201 The chemistry of ROS formation is a 
process and generally begins with the one electron 
reduction of molecular oxygen <0 ; ) t resulting in formation of 
relatively * tabic molecules such as superoxide anions <G; ), 
hydrogen peroxide lll^O*), and hydroxyl anions (HO )♦ In addition, 
superoxide can reacl with nitric oxide tNO) by a process that is 
regulated by the rale of diffusion of both radicals, leading to 
formation of a highly potent oxidant pcroxynitritc tONOO ) |2I]. 
The main enzyme systems responsible for ROS production in the 
vessel wall include NADPH oxidase tNoxK xanthine oxidase lXO>. 
uncoupled endothelial nitric oxide synthase teNOS), enxyme* of Ihe 
miroc bond rial respiratory chain |22 1 and others 

Endogenous Antioxidants 

There arc several endogenous enzymes with antioxidant 
properties, such as superoxide dismutase (SOD), glutathione 
peroxidase (GPx), catalase, heme oxygenase iHOt. paraoxonasc 
(PONj and the Ihioredoxin (TXN) system. Thrcrc are 3 forms of 
SOD* in humans. SOD3 is the predominant form in the human 
vascular wall and lowers superoxide concentrations by catalysing 
the dismutaiion of superoxide into hydrogen peroxide and oxygen 
(22|. The enzyme catalase promotes the degradation of hydrogen 
peroxide to oxygen and water. In ApoE mice, over expression of 
catalase and/or SOD have been shown to retard the development of 



atherosclerosis |22] + GPx exerts antioxidant effects by reducing free 
hydrogen peroxide to water In patients with coronary artery 
disease, the activity of red cell GPx isoform 1 was shown to have 
prognostic value in addition to that of traditional risk factors (23|. 
IIOs catalyse Ihe first step in heme breakdown lo generate 
biliverdin. This is subsequently converted to bilirubin. utiich has 
radical scavenging properties and is able to directly inhibit Nov 
enzymes (24), The PON enzymes arc associated with high density 
lipoprotein (HDL) in plasma They possess peroxidase tike activity 
and protect againsl lipoprotein oxidation (25|, The TRX system is a 
ubiquitous oxidoreductase system present in the endothelial cells 
and vascular smooth muscle cells tVSMC) and is able lo scavenge 
ROS such as H*0; and ONOO (26|. In addition to antioxidant 
enzymes, various redox active compound* are found in biological 
systems and have antioxidant properties. These are compounds of 
metabolism such as ehitathionc and bilirubin* 

Exogenous Antioxidants 



' (vitamin C) and a<tocophcrol ^vitamin E 
inhibitors of LDL oxidation by ROS scavenging and blockade of 
ihe lipid peroxidation chain reaction [27]. Both agents have been 
observed to increase NO bioavailability. Oral administration of 
vitamin C or E have both been demonstrated to improve endothelial 
function in small clinical trials |2X], however the beneficial effects 
on vascular function observed in small ctinKal trials were not 
confirmed bv larvc randomized clinical trials such as the GLSSt- 
prevenzione trial (2°|. the HOPE study |30), or the lie art Protection 
Study |31). It has been suggested that oral vitamin E 
supple mentation, especially in the absence of vitamin C co- 
administration may actually have pro oxidant effects and thai ROS 
mediated conversion of it- tocopherol to the GMocopheroxyl radical 
on the surface of lipoproteins results in formation of lipid 
peroxidation |27J + Oral supplementation of vitamins has also I 
reported to negate Ihe efficacy of statin treatment in cfc 
lowering and abolishes statins* favourable efTecl on endothelial 
function and cardiovascular risk |32, 33 |. As such, oral 
supplementation of antioxidant as a therapeutic strategy for 
oxidative stress remains controversial * 

CIRCULATING MARKERS OF SYSTEMIC OXIDATIVE 
STRESS IN IIC MAN VASCULAR BIOLOGY 



The importance of oxidative stress in 
cardio vascular disease is highlighted by the observation that 
increased markers of oxidative stress exist in the presence of risk 
factors for coronary artery disease, and have predictive value for 
cardio vascular risk in primary and secondary prevention [3J|- 
Scrum lipid hydroperoxides tLOOll) are generated from 
polyunsaturated fatty acids and represent primarily products of fatly 
acid peroxidation. Malondialdehyde (MDAi is an end product of 
lipid peroxidation and is often measured as thioharbituric acid 
lTDAi reactive substances iTBARS . Both LOOII and MDA have 
been shov*n to be elevated in association wilh cardiovascular risk 
factors such as cigarette smoking and diabetes mellilus (35. 36|. 
The P2 isoprostanes <V : l*oP> are formed by the free radical 
catalysed peroxidation of phospholipid bound arachidonic acid and 
released into Ihe circulation. Levels of both urinary and plasma V : 
IsoP have been shown to correlate with the number of coronary 
artery disease risk factors |37J. The following section of this review 
will highlight some of the experimental and clinical studies which 
utilized these markers of oxidative stress as endpoint measures, and 
ihe predictive values of these biomarkers for cardiovascular risks< 

Lipid Hydro peroxkles 

Polyunsaturated fatty acids (PUFAs> such as phospholipids, 
glycolipids and cholesterol in biological systems are particularly 



vulnerable targets of oxidation by ROS. leading to a process known 
us lipid peroxidation [58|* Excess ROS initiate Ine process of lipid 
peroxidation by abstracting H* from polyunsaturated fatly acids* 
The remaining lipid carbon radical 4L) undergoes molecular 
rearrangement to form a conjugated diene* This conformation 
rracLs with molecular oxygen to form a reactive lipid peroxyl 
radical (LOO), which may then abstract II* from another lipid 
specie* to form the non radical intermediate of lipid hydroperoxides 
i [ ■ 11 ' LOOH* arc the primary products of lipid peroxidation, 
and may undergo iron* mediated electron reduction and 
oxygenation, lo give epoxy -alrylicperoxyl radicals (OLOO \ which 
trigger the chain reaction of lipid peroxidation |39J* 

Quantification of LOOH* serves as a direct and useful index of 
the oxidative statu* of bioh>gical system containing rich in PUFA 
lipid.* such as c notes teryl cstciv So rial methods exert for 
measuring oxldired lipid* but most of Ihcse assays are neither 
specific for the hydroxypeioxyl group nor are they stoichiometric 
[40| h Of the techniques available, high performance liquid 
chromatography (HPLC) based approaches offer the best sensitivity 
and specificity* The HPLC approach relies on separation of various 
LOOI Ik according to their lipid class After extraction of LOOK* 
different post column detection system* can be applied for the 
determination of LOOK levels. Example* include 
clwmiluminescence <HPLC CL) |4I|. electrochemical (IIPLC-EC) 
(42|. and coutometric (43) detection lyitmna. The HPLCCL 
method has sensitivity down to I pmol and good specificity for 
LOOIT but the assay is time conmming and therefore ma)' not give 
i due lo degradation of LOOlt fir iriro during sample 
|4f)]* The addition of jntioxidants and uuick processing 
of samples al 4°C can help lo minimise this problem, but is often 
not feasible in a clinical situation |44|. Coulomelry is a useful 
method for measuring LOOH in biological samples such as plasma, 
especially cbolcsicryl ester hydroperoxides tCEOOHj* Cttulomctric 
arulysis determines the amounl of matter transformed during and 
electrolysis reaction by measuring the amount of electric ily 
consumed ttr produced. After extraction from LOL, the level of 
CEOOH is determined by reverse phase ItPLC wilb the tarsi and 
second electrode potentials of the coulomciric detector set at - UktiV 
and 50m V respectively |43|* To overcome thermal decomposition 
of certain LOOHs dm me the detection phase, detection methods 
such as by UV absorbancc has also been developed [ 45| 

Apart from HPLC. trthcr platforms available for measurement 
of LOOH include gas chromatography- mass spectrometry tCC/MSi 
and the ferrous oxidationxylcnol orange (FOX) method. In 
GCAfS, lipid extracts are reduced and subsequently 
rransmcthylated w ith sodium rocthoxidc* The hydroxy faliy acid 
methyl esters are isolated by silicic acid chromatography and 
derivatoed to their trimcihylsilyl ethers prior to analysis by* gas 
chromatography* mass spectrometry |4o|. In the FOX method, 
plasma LOOHs is determined by Ihe reaction in which a LOOH 
reducunL triphenyrpbosphine. is used to discriminate between the 
background signal generated by ferric ions and the signal generated 
by LOOH. The ferric ion indicator dye. xylenol orange* binds to 
ferric ion lo produce a coloured complex with an absorbance 
maximum which lies between 550 and oOOnm* Quantitation of 
LOOH in the biological samples is feasible because 3 mol of ferric 
ion is produced per mol of LOOH added |47J. 

Many experimental and clinical studies utilized the 
measurement of LOOH as a marker of peroxidative damage of 
membrane lipids and oxidative stress in vfivi. Suxuki rf at 
investigated the role of ROS in lipid peroxidation and hepatic 
cellular injury in a murine model of ischemic reperfusion injury* 
Plasma and liver phosphatidykhulinchydropcroxide tPCOOHl was 
measured, along with liver transaminases and liver glutathione 
stores* The authors observed thai prolonged hepatic ischemia with 
reperfusion lead to decreased liver glutathione store, increased 
serum hepatic Iransrninases and increased PCOOH* These findings 



suggested that prolonged hepatic ischemia with reperfusion resulted 
in bursts of ROS production and a resultant increase in membrane 
lipid peroxidation: that plasma PCOOH level may be a useful 
bionurkcr of ROS induced hepatic membrane lipid peroxidation 
hem la/rcpcr fusion injury [48|. 

Given the evidence of cardiac oxidative stress in animal 
Button rt at investigated whether a brief episode of 
myocardial Ischemia could produce a detectable cardiac oxidative 
stress in patients undergoing elective PCI, Plasma conjugated 
dienes tCDk LOOIL and total antioxidant capacity were measured 
in the aorta and coronary sinus CS of patients at set pen 
procedural lime* points during PC), in relerence lo first Killoon 
inflation. Patients with right coronary artery stenosis, which is not 
drained by the CS. were studied as controls. In Ihe intervention 
group. CD and LOOH levels were higher in CS than in aorta and 
increased significantly within Ihe first 15 minutes after balloon 
induced ischemia* Tnb increase was not observed within Ihe 
control group nor in tbe aortic blood samples* Findings from this 
clinical study added lo the experimental evidence that short 
episodes of myocardial ischemia induce a. sustained oxidative 
stress, which was reflected by LOOH level detectable in the venous 
effluent of re-perfused myocardium |49|* 

The cytotoxicity of oxLDL and its specific relation to 
athrrogenesis was first scrutinised by Chisolm rf at., who 
undertook purification and identification of the major cytotoxic 
molecules derived from OxLDL, by using multiple HPLC 
separations and screening of subsequent fractions for cytotoxicity* 
Ma» spectrometry and nuclear magnetic resonance identified the 
purified toxin as 7 beta hyd rope mxyc hole st 5m.*bcta «l i7beta 
OOH Choi I* a molecule which accounted for approximately 90ft of 
Ihe cytotoxicity of oxLDL* The same molecule was also found in 
fresh human carotid endartrectomy specimens* These results 
supported the oxidative modification hypothesis that the oxLDLs 
present in atherosclerotic lesions are able to induce cell and tissue 
injury |50|. Further lo this finding. II town rr of. studied 7* 
hydtoperoxychok sterols (70OH*j formation when LDL was 
exposed lo different in vitro oxidizing systems, using the normal 
phase HPLC method with UV detection* Lipid extracts from carotid 
endartrectomy were analysed and only trace amounts of 700H* 
were detected using this method, or with Ine more sensitive HPLC 
CL technique. Thin finding indicated Ihe instability of TOOH in 
biologkal systems and the potential of cells in the artery wall to 
further mctabo1i*c Ihese oxidized sterols |45|< 

PCOOH has also been used as a measure of lipid peroxidation 
potential in clinical studies looking at the effeel of dirUry 
supplementation of anti -oxidants* En a randomised, double blind, 
placebo -controlled study of postmenopausal women, bcla*carotenc 
was supplemented to the usual daily diet for 3 weeks* in vitro 
production of PCOOH and utilization of plasma antioxidants in the 
presence of 2 aminopropanc hydrochloride lAAPH. a free radical 
generator) were measured before and after dietary treatment* 
Plasma beta*carotcnc level increased significantly In the treatment 
group compared to the placebo group and was found to 
significantly reduce AAPH induced PCOOH production as 
measured by HPLC CL |51]* Using similar HPLC CL lechniuurv 
Sanaka el al* measured PCOOH levels jo a small cohort of uremic 
patienLs with diabetic nephropathy undergoing hemodialysis (HDj 
lo assess the therapeutic effect of 5lXlmg ix* tocopherol and otKmig 
probucol daily. Gender and age matched diabetic patients without 
end stage renal disease, were selected as control subjects* Plasma 
PCOOH in diabetic patients undenting 1113, were significantly 
higher than control subjects, while tbe duration of HD in DM 
patients was strongly correlated lo the plasma PCOOH level. Tbe 
administration of oral antioxidants maintained pUsma PCOOH 
level to baseline levels compared to the non treatment group (52|. 
' Ihe controversial status of oral antioxidant supplementation 
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on cardiovascular risk, these studies were nevertheless good 
examples of clinical studies utilizing lipid hydroperoxide jn the 
end point measure on the study of plasma antioxidant edacity. 

One of the largest clinical studies thai addie^cd the prognosUc 
value of oxidative sires* bionurfcers in a clinical setting, was the 
PREVENT (Prospective Randomized Evaluation of ihe Vascular 
Effect* of Norvase) Trill. Thi* was u prospective, double Minded 
clinical study which included 634 patients with documented 
coronary artery disease 1CAD1 who were treated with either 
amlodipine or placebo. Serum sample* were collected at baseline 
and at 12 months interval* during the 3 year study. Serum LOOM 
levelx were measured and correlated with clinical events. LOO It 
was measured using Ihe FOX method. Baseline LOOM levels 
correlated with tcrum levels of voluble ICAM I and TEARS. 
Patients in the highest uuariilc of baseline LOOM experienced 
significantly higher risk of non-falal vascular events iHR - 3.24; 
PeO.OOl). major vascular procedures (I1R=I H. P<OX>OI| xtd all 
cause vascular events and procedures l!IR=2.23, P<fl.O01). 
Arnhxlipine treatment wax associated with reduced cardiovascular 
events and change* in LOOH levels compared with placebo. The 
some author* also examined the predictive value of TBARS for 
cardiovascular events in the same cohort and the findings will be 
discussed in Ihe coming section |53|. 

MDA/TBARS 

Lipid peroxides are unstable and decompose lo form a series of 
compounds, including reactive carbonyl compounds. MDA m Ihe 
by-product of the jrachidonale cycle and a principle aldehyde 
product of lipid peroxidation in Vhu, that b being widely used as on 
indicator of oxidative stress in biological systems (54] . The TBA 
assay is the simplest and most popular method fur quantifying lipid 
peroxidation in biological samples. The assay works on the reaction 
of TBA with MDA to produce a pink coloured MDA-<TBA;> Schiff 
base adduct. The basic principle involves heating the sample to high 
temperature i95 lOtTC) with TBA under acidic conditions to allow 
the formation of MDA <TBA;i adduct. Molecules of MDA and 
TBA bind in 1 :2 ratio in this Ihermo energy driven reaction and the 
amount of pink coloured MDA (TBA;) complex produced con be 
measured colorinictricaHy by a spectrophotometer with absDibancc 
at 530-541) nm or tluorometerically using an excitation wavelength 
of 523nm and emission wavelength of 54?nm. For increased 
sensitivity, the complex can be extracted into an organic solvent 
such as butanol and measured tluorimetrically. Compared lo 
colitfimetric methods, fluorimctnc measurements have been shown 
to be more sensitive and specific than colorimeiric measurement 
(SS|. A standard curve can be constructed using MDA prepared by 
me acid hydrolysis of TEP < 1,1 ,3,3.- letracthoxy propane J as one 
molecule of TEP yields one molecule of MDA plus four molecules 
of elhanol when acidified |S6]. TBA may read with other 
aldehydes in the biological sample and in uncharacterised system* it 
is usual lo refer lo the assay of TBA reactive subsumes tTBARi as 
die test may not he not specific to MDA |44|. Apart from directly 
beating the sample, variations of Ihe TBARS assays techniques 
have been described. For example, distillation of the samples 
followed by reaction of the distillate with TBA ■* by extraction of 
MDA using aqueous trichloroacetic or perchloric acid and reaction 
with TBA [44|. 

Criticisms for the implication of TBARS assay to biological 
fcompfcs relate lo the issue of specificity. Firstly. TBARS assays 
measure the MDA generated by decomposition of lipid peroxides in 
the biological samples rather than the free MDA content of the 
biological system Secondly, many different aldehydes are formed 
in Ihe lipid peroxidation process and aldehydes other than MDA 
can form chromogens with TBA and form complex with similar 
absorbance t»r emission wavelengths |57|. In addition* a variety of 
TBA reactive "mate halt", inc hiding sugars, amino acids* and 



bilirubin is generated and can interfere with Ihe sensitivity of Ihe 
assay |5S). The iron content of the reagents used for analysis may 
also interfere with Ihe measurement and the use of EDTA as a 
chelating agent has been shown to reduce variability of the assay 
(SS). The sensitivity of the assay* can be increased by combining it 
with IIPLC m separate such compounds after me beating stage. 
However, very delicate sample handling is required hence greatly 
reduces the throughput of this technique (S9|. Finally. MDA does 
not just reflect lipid peroxidation but is also a by product of 
cyclooxygenase activity in platelets |60]. Therefore the 
measurement of MDA level in serum may lead lo ovcrcslimalion of 
Ihe MDA formation ex vivo* 

Several enzyme linked irnmunosorbance assays tELISA) have 
been validated for Ihe measurement of MDA in biological samples 
and are available as commercialised kits. The EL IS A method 
enables specific determination of MDA using an anti MDA 
antibody which is coaled to the solid phase. The MDAs in the 
samples form Ihe antigen antibody complex Mid are immobilized. A 
secondary zeitibody. traditionally conjugated to Horseradish 
Peroxidase tHRPh is added to each sample and incubated, followed 
by addition of a chromogenic reporter substrate and termination of 
Ihe reaction by addition of on acidic solution. The en/y marie 
react ion leads to colotimctric change and the intensity of reaction is 
measured spec lroph(?ti>metric ally. The concentration of MDA in the 
samples ls then determined by comparing against the standard curve 
of known concentrations. In the case of MDA-LDL EUSA* a 
combination of an onu-MDA LDL antibody Mid on anli*apo B 
antibody may be used |40|. These ELISA methods have been 
typically validated against the established methods for measurement 
of lipid peroxidation products (MDA by HPLC and F2Isop by 
GCMS) and can have good inler* and intra away coefficients of 
variation (61 1. 

The TBARS assay has been applied in clinical studies linking 
oxidative stress response with cardiovasculv risk. Cigarette 
smokers have higher levels of lipid peroxidation suggesting thai the 
proalherogenic effects of smoking are mediated in part by oxidative 
damage induced by lipid peroxidation |o2). Lipid peroxidation has 
also been related to Ihe progression of early carotid atherosclerosis 
in hypercholesterolemia Finnish men in a subgroup of the Kuopio 
»is Prevention Study. Amongst olhet 
products examined. TBARS was 
tluoromelrically and it was shown lo be one of the strongest 
predictors of a 3-year increase in carotid wall thickness in a 
regression model containing more moo 30 variables. The finding 
gave further support to the association between lipid peroxidation 
and athcrogencsis in humans (63|. In a rsidomised. double blind 
controlled triaL we have shown that short term (3 days) treatment 
with alorvosUtin before coronary artery bypass grafting tCABGi 
reduces cavulaling MDA. in parallel to the reduction of vascular 
superoxide generation in human orteries|64| and veins (65|. and 
suppression of myocardial superoxide generation [66], These 
effects were due to a direct reduction of vascular |65) and 
myocardial (o6) NADPIt oxidase activity and Ihe improvement of 
vascular cXOS coupling (64). However, the association of 
circulating MDA with these measures of tissue superoxide 
generation was rather weak |6r>], suggesting that extrapolation of 
circulating MDA levels to biological processes taking place within 
Ihe vascular wall or myocardium should be made with caution. 

In the aforementioned PREVENT iriaL the authors abo 
measured plasma MDA levels. To address the potential issue of 
non specificity of MDA measurement in serum samples, the 
authors used a 2 stage process incorporating the classic TBA 
ihermo reaction, followed by separation of TBARS using reverse 
phase IIPLC lo separate other TBA reactive materials which have 
Ihe tame absorbanccfe mission wavelengths as MDA TBARS. 
Quantitation of TBARS wm performed by both spec tropholome try 
and fluoromctry on on adsobosphcre CIS column. Al 



with TBARS levels In (he highest quortilc had a relative 
risk tRR) of 33 for major vascular events: RR of 41 f«r nonfatal 
vascular event t. and RR of 3,8 for major vascular procedures 
compared to ihe lowest quarulc. In j multivariable analysis, the 
prognostic value of TBARS on vascular risk was independent in Ihe 
other inflammatory biomarkcrs llL6, CRP) and classical risk factors 
of atherosclerosis* This analysis showed on independent effect of 
TBARS on major vascular events, nonfatal vascular events, major 
vascular procedures and all vascular events and procedure** 
Although panjjllv confounded by the use of serum samples* the 
stringent analytical methods employed by the study improved the 
credibility of the strong predictive value of baseline TBARS for 
cardiovascular events in patients with stable CAD. Ibat were 
mdependent of traditional risk factors and other established 



F^lsoprtHtanes (IVIsoPsj are a series of prostaglandin F2o like 
compounds produced i« n"*v* by non-en/y malic peroxidation of 
orach idonk acid eslerified in phospholipids and then subsequently 
hydroJyscd to their free acid form by the platelet activating faclor 
(PAD accty hydrolase* In contrast lo LOOIh and MDAs. F2 IsoPs 
are chemically stable end products of lipid peroxidation delectable 
in all human tissue* and biological fluids, including plasma, urine* 
cerebrospinal and broncho alveolar lavage fluid |6&|, Free F*<lsoPs 
are released from tissue into the circulation and undergo partial 
metabolism* Both the melobolued 12 l--.il \ and their metabobles 
are excreted into the urine [69|. X I so prostaglandin IS iso-PCF^) 
b an abundant I ■ IsoP formed in riw in humans and has. both 
vasoconstrictive and platelet activating properties (70). 

As plasma levels of free Fj-lsoP in healthy humans ore quite 
low* mass spectrometry techniques may be employed for its 
measurement* Mass spectrometry coupled to gas chromatography 
mass spectrometry (CC/MSi rather than liquid chromatography 
mass tpcctromciry i LC/MS) is generally preferred because of its 
greater sensitivity* GC/AJS for Fj<)soP requires a solid phase 
extraction procedure followed by gas chromatography* LDL is first 
isolated by ultracentrifugation and Ihe pellet extracted. The F^-lsoP 
ci>mponeni is then analysed as penlafluontberuyl esier and 
rximerhylstdyl ether derivatives by monitoring the |M ISI| ions, 
m/z 569 t using CC negative ion chemical ioni^at ion/mass 
Kpcciromciry |40|* Trie urinary levels of unmctaholi/cd IsoPs and 
melaboliies of IsoP are much higher so thai both GCfMS and 
LC/MS have been widely utilised for these measurements. Another 
rebable method for measuring F»-l*oP is stable isotope dilution 
mass spectrometry* Coupling appropriate chromatography to 
selectively monitor the specific mass of the F^lsoP ensures that 
closely related orachidonale metabolites such as prostaglandins do 
not interfere with quantification |71|* 

Fj« IsoP can also be meaurrcd by ELISA techniques* However, 
due the limited antigenic structure of F: lsoP* EUSAs are usually 
based on competitive displacement of a labelled conjugate of i 
IsoP from surface bound antibody* rather than by the more selective 
method of sandwich HLISA* This can lead to the issue of 
nonspecific antigen antibody interaction and erroneously high 



values* Studies comparing the values obtained by EL1SA and 
GOMS measurements have shown disparate results depending on 
the antibodies used and pre -analytical factors such as the type of 
^impk matrix u&ed for measurement* Fatty acids that are 
abundantly present in comparison lo F;«lsoP may also be released 
from albumin during protein purification strategies* Mich as 
immune precipitation* and can interfere with the quantification* 
These factors need lo be taken into consideration when interpreting 
the study findings |7 1 1* 

Plasma levels of free and esterified F; IsoPs appear to be 
significantly higher in smokers than non-smokers and the levels of 



Iwrth free and esterified FjIsoPs fall significantly after two weeks 
of abstinence from >moking |72J* The plasma level of F2 IsoP has 
also been correlated lo Ihe lipoprotein status* higher levels of F2- 
IsoPs were seen in adull subjecLs with low HDL or high LDL levels 
|73|* In addition, increased F^lsoP levels were also observed in 
diabetic patients f?4]. In the Genetics of Lipid Lowering Drugs and 
Diet Network {GOLDNI study, F? IsoP was measured using EUSA 
lo assess the effeel of fcnofibratc treatment on oxidative stress 
ttalusn After 3 weeks of treatment i 160mg/d), significant reduc tion 
in plasma F^-tsoP was observed in Ihe patients at the highest lertile 
of baseline F ; JsoP* supporting a role of feoofibratc in reducing 
oxidative stress in these patients [75)* By using a LC/MS MS 
technique* Saenger er at |76| examined the value of urinary F;-boP 
in the prediction of myocardial injury in ACS* Urinary F : IsoP was 
measured in patients presenting to the emergency department with 
clinical suspicion of ACS* and it was demonstrated that troponin 
positive patients had significantly higher urinary F r l*oP compared 
lo troponin -negative patients. Such observations further support the 
potential appticabdiiy ttf markers of oxidative stress such as l : ; 
IsoP* in clinical settings* 

The prognostic values of isoprtntancs in cardiovascular 
morbidity have also been investigated by prospective clinical 
studies* In a case* control study of 93 CAD patients against age and 
>ex matched control subjects^ GC/MS w as used to measure urinary 
excretion of the Jv-iso PCF^.and the major urinary metabolites* The 
level of urinary S'iso-PGF^ correlated significantly with the 
number of risk factors for all subjects* Amongst patients with 
crsnfirmed CAD. higher levels of I iso PCF^ and associated 
metabolites were observed compared to controls* In addition* &-iso» 
PGF^wos found to be a novel marker of CAD alter adjusting for 
other traditional risk factors |37|* Further to the association with the 
CAD disease severity* F ; * IsoP has also been found to be enriched in 
direct coronary atherectomy tDCA) specimens obtained from 
patients with established CAD* Compared lo apparently normal 
internal mammary/radial artery specimens* the DAC specimens 
contained significantly higher levels of F*-IsoP |77|. The behaviour 
of F ; IsoP in Ihe specific setting of ACS has also been addrevsed. 
LeLeiko <t tiL measured serum total F» IsoP in IOB palient with 
ACS by a commercialized EUSA* in addition to Ihe other 
bin markers associated with ACS (troponin* high sensitivity C- 
reactive protein 4hs*CRP) and choline) lis examine the predictive 
utility of these biomarkers to short term clinical outcome. F*-boP 
and choline levels (but not hs CRPl predicted 30 day major cardiac 
adverse events iMACEj with receiver operating curve 
demonstrating a serum F;*lsoP level of I24,5pgfrnl lo be the cut ofT 
level for 30 day MACE with a negative predictive value of 90*5. 
Tht* observation supports the usefulness of F*<I*oP for risk 
stratification of patients presenting with ACS |78|* 

NO Breakdown Products 

Due to the >hort life span of NO in biological samples J79| and 
Ihe subsequent inability to accurately detect NO radicals, several 
indirect meifxsds have been used to assess NO production* One such 
method is quantification of the NO breakdown products nitrite 
iNO*) and nitrate (NOik which are collectively termed NO,|S0J. 
The easiest and most commonly used method is the Ciricss reaction 
assay, which con be applied to a plethora of biological samples, 
such as scrum untie, cerebrospinal fluid and cell culture media 
|SI|* First* nitrate contained in ihe sample must be converted to 
nilrile: this is usually accomplished in biological samples by 
cadmium or bacterial nitrate reductase. Netl* nitrite reacts with a 
dia/oti/ing reagent (usually sulfandamidei lo form a transient 
diaronium sail* which in turn reacts with N ruphthyl 
clhylenedt amine, giving rise lo a stable a/i> compound wilh a 
pinktyurplc color ihai can be measured speclrophoiometrically* The 
assay is sensitive, able lo measure concentrations of nilrile as tow- 
as -0.5 oiM and is available in various commercial kits, NOi can 
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j)«> be determined with fluorescent |K2| and chcttulumincsccrxe 
(83| assays* However, ib use in a clinical setting i> questioned* 
mainly due ii> the fact (ha dietary (nuke of nitrate Iroostfy derived 
from pn*cins) heavily influence* the values measured in human 
biological samples [84|. 

A summary of the circulating biomarkers for oxidative and 
nhrosative sires* discus *ed so far can he found in Table I, 

EVALUATION OF RKDOX STATE IN VASCULAR 



ROS produced in (he human vascular wall, ate highly reactive 
molecule* and they usually do not lead lo the release of any viable 
byproducts li> the circulation* Therefore. Ihe vascular wall lor even 
individual structure* such as the endothelium or the vascular 
smooth muscle cells! behave as independent compartments In terms 
of their redox state balance |66|. It is widely accepted that 
measurement of systemic marker* of oxidative stress in peripheral 
circulation offers limited, if any. information about the true redox 
Male in the vascular wall or inside the human myocardium. 
Although circulating biomarker* are easily applied in a clinical 
xl may have a direct predictive value, the biological 
:ance of their between -patient* variability is hard to interpret. 
Therefore, measurement of redox stoic at a tissue level is crucial for 
the understanding of the mechanisms of alherogenesis and also for 
the identification of novel therapeutic targets* Various methods 
have been developed over ihe last few years, enabling direct 
measurement of ROS formation or quantift cation of more stable 
products of the reaction between specific ROS and biological 
structures. In addition, the evaluation of endoccnou* antioxidant 
defence systems at a tissue level provides valuable information 
regarding the mechanisms of ■ 

Total Antioxidant Caparih 



Total antioxidant capacity (TACi or total antioxidant status 
(TASi is a measure of the cumulative effect* of the antioxidants 
present in a biological fluid or tissue homoecnatc *&5|. II is not a 
simple sum of all the known and unknown antioxidants contained. 



but rather an integrated parameter which reflects the complex 
interactions among these substances and their effect on the redox 
balance of the sample [Sin]. 

The first assay for the measurement of TAC, called the total 
radical trapping antioxidant parameter tTRAP). was described in 
19X5 [S?| h H involved generation of peroxyl radicals in the sample 
alter reaction with 2.2' a/obis dihydrochloride tAAPH> and 
measurement of the oxygen consumption with an electrode. TAC 
was determined based on the initial lag phase before increased 
oxygen consumption, which is due to the presence of antioxidants 
in the sample. Trolox (a water soluble vitamin li analogue) was 
used as a standard. Since then, several alternative assays have been 
developed. The oxygco*radical absorbing capacity tORACj uses 
A API I as peroxyl radical generator but it is not dependent on log 
lime measurements, thus solving several problems present in the 
TRAP assay. Other assays are based on redox reactions which lead 
lo a cotorimetric change, easily assessed spectrophotometrically. 
Examples are Ihe ferric* reducing ability of plasma iFRAPj assay 
based on the reduction of ferric lo ferrous ion at low pH (K8|. the 
A UTS* assay depending on reduction of 3*ethyf ben/oihia/oline-6 
sulfonic acid fS9| and the more recent cupric reducing antioxidant 
capacity assay ( I 'PR AC* l using the coppcr01|*neocupn>inc 
reagent in ammonium acetate buffer |90J< Unfortunately, 
comparisons between studies using different TAC measurement 
method* are impossible, due to variations in the w ay antioxidants 
react in each as*ay. Several studies comparing technical 
considerations and sensitivity of different technique* have been 
published 19I|. 

In reality, total antioxidant capacity is a misnomer: in human 
plasma, the assay* are not able lo measure either the activity of 
endogenous antioxidant enzyme* (SOD, calalase etc.! or metal 
binding proteins |92]. What they do measure is low molecular 
weight antioxidants, which posses* the ability lo break oxidatkm 
chain reactions, namely the water soluble urate, conjugated 
bilirubin, vitamin C and thiols, as w ell as the lipid soluble 
tlavonoids. cartttcnoids and vitamin I. Therefore, while they do not 
represent the actual total antioxidant capabilities of each individual 
sample. TAC measurement* can serve as an efficient tool for 
evaluating the plasma effects of antioxidant therapeutic strategic*. 
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Indeed. TAC h.i* brcn used in human* a* an indHalor of the effect 
of dietary antioxidant* such as buck lea |93| and adherence lo J 
Mediterranean din |94|. 

Toul Antioxidant Capacity as*jy* have been widely used in 
experimental and clinical setting in animal studies, low TAC 
levels have been associated with a variety of conditions, such as 
exercise* induced oxidative stress 1 951* diabetes f96| and 
hypcrcholcstcnslemia |97|. In cardiovascular disease, reduced TAC 
levels in the curonary circulation have been associated with acute 
ischemic stroke |98(, as well as brief episodes of myocardial 
ischemia in patient* undergoing coroners' angiography (49). The 
use of TAC assessment as a predictive factor for human disease has 
also been explored. TAC determination through a modified TRAP 
assay has been reported a* a useful ex mc biomarkcr for 
atherosclerosis staging in patient* with ei»ronary heart disease (°9|. 

The term chemiluminescence describes the phenomenon of 
light emission as a result of a chemical reaction. This is due to the 
F excited electron* on one of the reaction products, which 
re of a photon upon return of the electrons tit the 
stable ground slate. This differs fundamentally from fluorescence, 
where electromagnetic radiation needs lo be absorbed by the 
fluorescent medium, in order for electrons lo reach an excited state. 
In biology a chemiluminesceni probe is employed which, upon 
reaction with a biological free radical, releases a photon that can be 
detected by a luminometer or scintillation counter. This allows for 
quantification of free radical generation in the sample |ID0|. 

The most commonly used chemiluminescenl probe is lucigenin 
(bis %V- methyl act id imum nitrate > which is ce 1 1 ■permeable and 
specific to superoxide radical 1 10] | The first step in this reaction is 
the reduction of lucigenin by an Q2< radical to the lucigenin radical 
cation, which in turn reacts with a second 02< radical lo form the 
unstable lucigenindioxctanc. This molecule breaks down inlo two 
♦V mcthylacridunc molecules, one of which is electronically excited 
and emits a photon upon decaying to the stable ground stale II02J. 
Lucigenin is extremely sensitive for Ibe detection of 02<, with me 
rate constant of the first reaction being -10* molt* per second [ 10.1 J. 
much higher than other as*av* such as cytochrome C reduction 
[101]. 

The validity of the lucigenin enhanced chemiluminescence 
•ixsay has been discussed extensively in the past. The main issue is a 
phenomenon called icdox cycling, which relates to the formation of 
02* after reaction of Ihc lucigemn radical cation with molecular 
oxygen <0 ; X Ihus leading lo an overestimation of the total t>2< 
generated by the sample [I04|. This reaction can be observed al all 
concentrations of lucigenin. though much more strongly so at high 
concentrations tup to 250 umolfl.) 1 101 1- It also depends on the 
toul levels of 02< present in the sample, with higher preexisting 
concentrations of 02 leading lo smaller contribution of redox 
cycling lo the total superoxide generated (101]. Despite these 
concerns, redo v cycling has been proven lo account for an 
insignificant amount of the toul 02 generated in cardiovascular 
biology experiments, due to the low concentration* trf lucigenin 
used (usually S umoLSL and not higher than 20 umolL) |105|. This 
has been continued bv validating this method against others, such 
a* election spin resonance (ESR), which appears to provide 
identical results (106). HSR also demonstrated that any direct 
stimulation of 02 production by lucigenin in segments of vascular 
uvsue (when low* concent ration tS umolA*) is being used) has a 
minor if any, impact on the results under biologically relevant 
experimenul conditions (I07|. It has also been stated that redox 
cycling leads lo a significant effect in 02- generation only in 
extreme artificial experimental systems 1 100]. 

As a. cell permeable compound, lucigenin can be used for 
simultaneous detection of bolh intra and extracellular superoxide 



production in vascular tissue samples [101]. The Assay requires the 
use of a luminomeler or scintillation counter which ha* been 
the "out of coincidence" mode. First, the background 
ent corresponding lo the reaction vial containing the 
buffer and hicigenin is recorded. Then, the sample is added, 
allow ed to equilibrate and the new signal is measured. The counts 
detected by the luminomeler or scintillation counter are usually 
expressed as relative light units (RLU/secondj normalized to wet or 
dry weight. The assay can be modified to allow* for quantification of 
02' fraction attributed to each specific enzymatic system present in 
the vasculature, by using the appropriate substrate or inhibitor. For 
example. NADPH oxidase activity can be as*es*ed after stimulation 
with NADPH flOS] anuVor inhibition with specific inhibitor* 1 109] 
The effect of uncoupled cNOS on ROS generation can be 
determined after inhibition with A T G nitro L arginine methyl ester 
tLNAMH): elevated levels of uncoupled cNOS will result in a 
lower average count signal, because inhibition of the uncoupled 
form of the enzyme will lead to lower 02 formation |H0). Other 
en/ymalic inhibitors that have been used include oxypurinol for 
xanthine oxidase (111), rotenone for mitochondrial oxidase 
complex E ()I2|, diphenylcnciodonium (DPI) for all flavin 
containing oxidorcducuses J1I31 etc. Apart from intact 
umples. the assay can also be applied lo vascula 
denuded of endothelium [ 1 12| as well as whole lissue bomogenatc* 
and membrane traction* 1 1 14), with the use of the aforementioned 
en/}' malic substrates and inhibitors. 

In addition lo lucigenin, a number of other chemiluminescence 
probes have been employed for the detection of other reactive 
oxygen species in biological sampks. One of these is luminol 
iCiIItNiO;! which is non-specific and require* use of free radical 
scavengers, such as ebselen, superoxide dismuuse. caulase or uric 
acid, in order to attribute the signal obtained to a specific free 
radical. Luminol, in conjuclion with ebselen or uric acid, has been 
successfully used in human myocardial homogenales |II4| and 
human vascular rings [64, 1 15). Another probe is me luminophore 
coclcntcrarine. which reacts both with superoxide and peroxy nitrite 
1 116) Therefore, like luminol. it mandates the use of scavengers for 
calculation of each specific radical* Its us? has been reported in 
intact vascular tissue segment* 1 1 16|. 

Since their introduction in 1991. chemiluminescence- based 
assays have been of immense value in cardiovascular research. 
Result* obtained through their use have fundamentally altered the 
way we perceive the pathophysiological processes regulating most 
aspects of cardiovascular disease. Lucigenin enhanced 
chemiluminescence ha* documented the key role of oxidative stress 
in vascular function in atherosclerosis (64, II5|. El has also been 
employed in studies examining the effects of ROS on 
cardiomyocy'les 1 1 1 7 1. as well as in pathological processes such as 
atrial fibrillation (114). Using the lucigenin/lumino J enhanced 
chemiluminescence assay, we explored the relationship between 
myocardial redox sbiie and incidence of post -operative atrial 
fibrillation in patients undergoing CABC. We demonstrated 
myocardial basal and NADPI I stimulated Oi\ as well as ONOO, 
were independent predictors of this common postoperative 
complication I J IS]. 

In conclusion. chemtluminesrence^based assays are 
inexpensive, easy to perform, reproducible and highly sensitive for 
ion of ROS generation in biological samples. The 
ilily and specificity of lucigenin* enhanced chemilumine 
is high, therefore it does not require duplication of the 
experimenul results (especially after treatment with SODi. in 
contrast to many other techniques 1 100|. Despite the concerns that 
were previously described over the contribution of redox cycling to 
the generation of 02 . the use of low concentration* of lucigenin 
generates results wwch are reproducible and easily replicated by 
other methods, therefore it is an invaluable tool in cardiovascular 
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Dihydroethidkim <DHEj fining is j technique used for tht 
detection erf intracellular 02* generation in whole tissue samples. 
The principle underlying the method was believed lo be Ibe reaction 
of the cell permeable dihydtoethidium with 02<. leading lo 
generation of cthidium which binds In nuclear DNA and 
red fluorescence |U9), This was delected by 
microscopy and semi quantified based on ibe intensity of die signal. 
In more recent years, however, it bas been shown thai DDE reads 
specifically with 02 to form a distinct product, 2* 
hydroxycthidium, whereas the ethklhim thai is produced from Dill; 
rt thought to arise from a variety of other reactions that reflect tbe 
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total redox status of the cell [120|, Due lo the fact that 2* 
bydroxycthidium has a different molecular weight than DUE and 
cthidium. IIPLC can be employed lo accurately detect and quantify 
the product, which represents the total intracellular generation of 
OZ.[l2l|. 

DDE staining even without IIPLC is a very sensitive technique 
for Ibe detection of intracellular 02- and when coupled with IIPLC, 
can delect 02 quantities as low as 1 prnol/ mg protein |I22|, It is 
also relatively spccillc. with minimum cross reaction with other 
biological free radicals, such as Oil . It has been shown that the 
IIPLC peak corresponding lo 2 hydroxycthidium is largely 
(although sometime* not completely) abolished by SOD. the use of 
which gives a more accurate estimation of 02< generation [1221- 
Incubation of tbe tissue sample with enxymc inhibitors, such as 
LNAME and jpotvnm, can further elucidate the contribution of 
each enzymalic system to tbe total intracellular 02 production. 
However, it has been reported that an excess of cytochrome C or 
other heme -containing compounds present in tbe biological sample 
examined can lead lo oxidation of DHL and overestimatiDn of tbe 
total 02» generated |123|. This is especially relevant to tbe study of 
tissues undergoing heavy apoptosis or mitochondrial damage, 
which exhibit increased release of the aforementioned compounds* 
In order to improve the specificity of the assay, each experiment 
should be duplicated after incubation with a cell 'permeable 
superoxide dismutase, tticb as polyethylene glycol conjugated or 
liposomal SOD. and only the SOD inhibitable signal be used for 
analysis [I23|, When using fluorescence microscopy alone, care 
should also be taken not to use wavclcnghts lower than 4K0 nm for 
excitation and nm for emission because it bas been 

reported that such wavelengths can lead to detection of fluorescent 
by product* of the reaction of DUE with !I : v>- 1 1: i' 

DDE staining has been an extremely useful assay in vascular 
studies, li is regularly used in conjucuon with other methods such 
as lucigen En enhanced chemiluminescence to confirm the results, 
but also because it allows for microtopo£rjphic localization of 
superoxide production. For example, in an animal model of 
angiotensin 11 induced hypertension. DUE staining has revealed 
increased 02- production not only in the intima but also in the 
medial layer and udventilia [J25|, Its use has also revealed a 
marked increase in 02* production in the shoulder region of human 
atherosclerotic plaques 1 1 26). 

DUE darning. En conjunction with IIPLC, exhibit several 
attractive advantages. It is a relatively inexpensive, easy to perform 
technique which requires only minimal training and equipment that 
is widely available. It allows accurate quantification of intracellular 
02 . with excellent sensitivity and specificity. Even without IIPLC, 
cunfocal microscopy of DUE stained tissue samples allows for a 
visual representation of localised 02* generation and semt- 
quantification. A major disadvantage is the inability to detect other 
biological ROS, such as JLO* and ONOO*. In addition. DUE is 
susceptible to auto oxidation after light exposure, therefore the 
assay must be performed in dim tight and the DUE dye stored in 
dark containers ( 1 00 |, 
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also known 
spectroscopy is an analytical 
technique that is used to detect and quantify chemical species that 
possess unpaired electrons, such as free radicals and compound* 
containing transition metal ions 11271- The basic principles 
underlying this technique can be compared to thou? of nuclear 
magnetic resonance iNMRX with the main difference being the 
detection of ihifts in electron spin rather than nuclear spins. More 
specifically, an electron placed in an external magnetic field with 
strength B ; will align its inherent magnetic moment either parallel 
or aniiparaUcI to the field. A parallel alignment corresponds to the 
lowest energy slate of the electron and an antipatatlel to the highest. 
This difference in energy is expressed by the equation AE — % r upB- 
where *, is the electron's g factor (which is equal to 2.002 for 
nplcs) and '* th* Bohr magneton constant. An 
tron can shift from the lowest to the highest energy 
stale alter absorbing electromagnetic radiation of energy equal lo e 
■ If m AE. where / is the frequency of the radiation and h is the 
Planck constant, A typical ESR spectrometer is formed by a 
resonator cavity surrounded by a pair of electrical magnets and a 
microwave generator lhal emits radiation towards ihe cavily. By 
maintaining a constant microwave frequency', an increase in B<, will 
proportionately increase Ihe energy gap between Ibe two electron 
stales until the condition e - AE is met. at which point electrons 
from the lowest energy stale Jump to the highest, Ihus achieving 
electron spin resonance. This leads to absorption of eleciromagnelic 
can be 
Due to Ihe 

by the nuclear spin of the atom it tt attached lo, a 
hypcrfine coupling, information about the 
specific nature of the molecule containing the resonatine electrons 
can be extrapolated from Ihe unique speclrum generated [12&|, 

the principles outlined above, application of ibis 
to biological samples would yield poor results as most of 
Ihe biological relevant free radicals have an extremely short life 
span and are impossible to delect. To resolve ibis issue, the method 
of "spin trapping** was developed |I29|. Spin traps are molecules 
lhal bind to free radicals, forming more stable adducls that exhibit 
unique ESR spectra. Among the first such molecules io be used 
were nilroso [1 301 ""d aitronc compounds [1311, which exhibit 
excellent specificity for various free radicals *uch as 02 and OH 
(1321, However, in whole tissues such spin traps ate not effective 
for measurement of specific oxygen-based radicals* This is due to 
susceptibility of the nitrone adducls lo degradation by endogenous 
antioxidant mechanisms [100|, 

For Ibis reason, different compounds have been 
do not act as direct spin traps, but rather serve as 
Being an oxidation target Ihemselves, Ibey form a more stahk 
active agent with a much longer half life than biological free 
radicals, Tbe most effective class of such compounds are the cyclic 
hydroxy lamines, comprising a number of different substances that 
can be used for ROS detection and quantification in a variety of 
biological samples 1 1 33) For example, CMH tlhydroxy-i- 
mclhoxycarbonyl -2*23,5 (etramethylpymsliilirLe)penelrates cellular 
membranes and can be used lo quantify intracellular ROS 
generation in whole tissue samples [1341. whereas l»hydroxy 
2,2 .0,6 tctramcthylpipcridin-4 yl irinKthyUmmonium is cell* 
impermeable and is utilised for quantification of exlrxcllul;* ROS 
in tissue samples !i ■' CPU (1 < hydroxy -3 <arboxy- 2.2,5 - 
let ramemyl- pyrrolidine hydrochloride! has been used for the 
detection of ROS in viio 1 133|, It has also been employed for the 
quantification of extracellular 02 production in intact cells M 341. 
as well as enzymatic ROS production in whole homogenaies and 
membrane fractions alter addition of the appropriate substrate 
1 1 361. 



Cyclic hydroxy famines arc extremely sensitive for the detection 
of various ROS. forming stable radicals which do not undergo 
significant biological degradation and have a ha If life of several 
hours (13T)h However, CPU ts relatively nonspecific, since u 
reacts wilb both < il and ONOO- and display* Ihe some ESR 
jficctrum due to formation *rf ihe tame nitroxidc adduct. This 
necessitate* Ihe use of specific RDS sc avengers lo allow accurate 
estimation of the appropriate ESR signal lo each biological ROS 
[I3S|. Newer hydroxy Limine* exhibit higher specificity for specific 
free radical*, a* 02 1 135|. 

Electron *pin resonance provider si invaluable fctol for 
cardiovascular research* Apart from confirming Ihe result* obtained 
using other method*, a* previously mentioned with regards lo 
cfom .luminescence, it is being increasingly used lor the detection 
of ROS production in animal models of vascular disease, For 
instance, it bas been used to explore the role of extracellular 
vascular SOD, us well us that of NADPI I -oxidase derived 02- in 
the activation of inflammatory pathways in endothelial cells { 1 39J, 
ll has also been employed for the m Wivj measurement of NO and 
superoxide production in human endothelial progenitor ceils 
transplanted into a nude mouse carotid injury model 1 14I>|. 

In conclusion, elect roo spin resonance by using a cyclic 
bydroxylamine is a sophisticated i Jeoflhc art method fi*r the 
detection of ROS in biological samples. It exhibits excellent 
sensitivity and is one o: Ihe few analytical methods thai can delect 
and quantify ROS directly. The variety of hydruxyUntinc spin 
probes available also allows for accurate measurements in a 
plethora of different biological samples and intracellular versus 
extracellular comportment*. A major limitation to the application of 
thts technique is the very high cost and space requirements of ESR 
spectrometers, which constitute their purchase prohibitive lor a 
number trf laboratories (1(KI|* Another disadvantage is that the 
spectrometer needs to be operated by someone w + ho has been 
specially trained to do so, in order lo achieve accurate results. A 
drawback of die technique itself is the low specificity of several 
bydroxylamine probes to specific biological ROS. due to the fact 
thai the nitroxide produced is identical for all ROS and generates 
the same l:PR spectrum [137). Specificity can be improved by 
specific ROS scavenger, such as SOD or urate, and calculating the 
i of the individual ROS by i 
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A method that can be employed to estimate the effect of 
nitrosative stress on cellular components U the assessment of 
protein nitrosylulion. 3-nilrolyrosine t3*ntyr) is formed after 
reaction of the amino acid tyrosine with a variety of NO derived 
oxidants* serving as a stable marker of protein damage by such 
radicals |l3f)|. Various methods can be utilized to determine free 
and prole i n bound 3*nitroiyrosine content in biological samples, 
such as spcctrophoiomciric. immunologic, GC/MS and several 
I1PLC methods |I411 Out of all these assays. GC/MS |142| and 
HPLC with electrochemical detection 1 14.M are the most sensitive 
and specific, allowing for accurate quant i fi cation of 3-nryr burden 
in biological samples; In cardiovascular biology 3 nitrotyrosine has 
been proposed as a potential oxidative marker for determination of 
atherosclerosis risk in humans |144|. 3-ntyr levels, both in plasma 
and specific tissues t vessels and myocardium) have been found lo 
be increased in pathophysiological conditions, such as congestive 
heart failure ( U5| and hypercholesterolemia 1 I46| 

Despite their obvious practical applications and advantages, the 
techniques represent only indirect methods for 
jf NO production and lis effect on tissues. In more 
recent years, there have been efforts to develop methods which 
allow' direct quantification of NO radicals in biological samples. A 
few examples are NO 'Specific microelecirodes that delect 



intracellular feneration of NO in vivw. in cells and tissue samples 
ic.g + through die powh clamp technique |I47|)< These methods 
have the disadvantage of trying lo detect a highly reactive radical 
tNO ) a short whik after its generation, therefore the distance of the 
probe from the NO source massively changes the results «s the 
reading, introducing high variability and inaccuracy. These methods 
can be improved by using NO specific spin traps for HSR (M&l. 
and are particularly interesting options for future research. 

Other Methods 

QtoflfcrnflM C fleaWfww Aamj 

Ferricytochrome C h directly reduced by 02 lo 
ferrocylochrome ( which displays increased spectropholometric 
absorbance al 550 nor Due to the non specific nature of the 
ferricytochrome C reduction, the experiment must be duplicated in 
the presence of SOD and only the SOD-inhibitabte signal be used 
for 02* determination (100|. The assay is simple to perform, 
requires only basic laboratory* equipment and bas been used 
extensively with neutrophils, isolated enzyme* and cell cultures 
I Kill- However, because of its relatively lower sensitivity when 
ciTtnpured lo other methods, it has limited, if any. use in 
cardiovascular studies (where 02* produclirsn is low I. ll is also 
plagued by concerns over enzymatic and oxidative re-oxidation of 
ferricytochrome C. leading to underestimation of total 02* 
generation (10 1). 

iHfhiontpHorrtctiu Dut<ttatr Ftuartictni Aim 

This assay is used to assess total intracellular ROS generation* 
mostly attributed to El*0+ in cell culture and tissue samples. 2 7 
dichlorofirorcsccin diacelate is a cell permeable compound thai is 
cleaved by intracellular esterases after entering the cell, a reaction 
which generates 2.7 dichkHi^fluorescin |149|- In turn, this product 
is oxidized by various ROS to form the highly fluorescent 2.7* 
dichlorolruorcscein | J5(l|. Results are generated using a fluorescent 
plate reader This method suffers from a variety of issues, such as 
inability lo accurately quantify specific ROS. self-propagation of 
free radical generation through a variety of reactions |I5I| leading 
to over estimation of the overall ROS presence in the sample, as 
well as reliance of the technique on intracellular enzymatic systems 
that may vary considerably among samples 1 1521- 
AmpkrRtdAMSmy 

This method has been developed by Molecular Probes and can 
be employed for quantification of exirxctlulor thO* 
samples. AmpJcx Red i N acetyl X7 dihydrox yprer 
oxidized by H : 0 : m the presence of horseradish pcroxid 
the fluorescent molecule resorufin. the fluorescence of which can 
be readily measured Trie assay is simple lo perform and 

exhibits high specificity and sensitivity, able to detect quantities of 
lljO; in the pkomolar range (154). It is hindered by the unstable 
nature of the Amplex Red dye |1IXI| and its inherent inabilily to 
detect intracellular ROS generation. 

Table 2 summarizes the advantages and limitations of the 
different techniques available for vascular reactive oxygen/nit rocen 
species determination. 



Oxidative .So-ess Status in Binittgical 



(it »t Arrays E\ 
Xamplrt 

Traditionally. ROS have been perceived as harmful byproducts 
of aerobic eel hilar metabolism, with deleterious effects on living 
organisms. Itmvever. in more recent years this view has shifted 
towards a much more dynamic physiological and pathophysio- 
logical role for ROS in the regulation of signaling cascades and 
gene expression, with various implications for human disease. 
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ROS ccorrating cruellies in physiological condltt»cvt. The didm 
Mtiking example i* ihe NADPIt oxiiU.se f^mih- iNoxl 5 and 
DuoxI-2K the sole purpose of which seem* 10 be the $ cne ration of 
vupcmxjdc 1 155]. In addition, major source* of cellular ROS are the 
ntrtixhundriti) cmnplexe*. 1 and HL xanthine omJ.ivt, 
lipoxygen*!***. cycloi>xygenase^ heme oxygenases and ttihcrv 
WhUe certain aspecLs u4 this physiological ROS generation are 
clearly defined* such a*, production of superoxide by phagocytic 
NADPE1 oxidase for host defense, il is only in recent years thai 
tiiicmpt* have been made to understand the implication s of 
regulated ROS produciiitti in intracellular signaling. More 
specifically. ROS have been found to poueu functional post 
transnational protein wodifKalion properties, vU their interacUfn 
with reactive cysteine residues |156|* For example, M:0: can lead 
to oxidation of the cysteine thiol group <RS1I> in an enzyme to form 
the sulfenic tRSOEl and sulfinic (RSOH2) forms, thus functionally 
altering the enzyme. This is analogous, to the way that 
phosphorylation ttf a threonin or tyrosine residue of a protein by a 
kinase can lead to its activation or inaciivation. Additional cysteine 
modifications by ROS include niuosylation. glutathionylation and 
formation of disulfide bonds |155|. Recent estimates suggest that 
there are well oxer 500 different proteins pm*e*»ing cysteine 
residues with putative modulatory capacity by ROS [157). 

In tandem with ROS generating enzymatic systems, cells are 
equipped with a wide array of enxymatic antioxidant mechanisms, 
including but not limited to superoxide dismutase. calala.se. 
glutathione peroxidase, peroxiredoxins and thioredoxins. While 
their role in protecting oxidation targets and reversing oxidative 
danufc has been undoubtedly established, it is being increasingly 
recognized that these antioxidant systems do not function by 
indiscriminately scavenging ROS but are implicated in maintaining 
a much more intricate redox balance homeostasis. For example, 
interaction of thiorcdoxin with apoptosri ttgnal regulaung kinase I 
*ASK I > leads 10 inaclivatioo of Ihe latter and suppression of its pro* 
apoptolic properties |I5K]. This interaction is redox dependent; 
increased intracellular ROS levels oxidue TRX and unbind it, 
allow ing ASK I to trigger lis signaling cascade. A different example 
is the selective phosphorylation of peroxiredoxin I iPrxlj 



molecules located near the cellular membrane 1 1 59), This leads to 
their inactivation and allows NADPH oxidase to locally produce 
02- necessary m trigger cysteine modifications. 

Apart from posi*translational modifications, increasing 
evidence ttiggcsts that ROS levels influence the expression of a 
number of genes involved in the regulation of redox state through a 
negative feedback loop. One of the most extensively studied 
mediators of this gene expression regulatory system is the 
transcription factor Srf2 (160). In physiological conditions Siy2 
interacts with its inhibitor Ktapl. a protein with several reactive 
cysteine residues (161 1. Increased intracellular ROS levels modify 
Ktapt* dissociating il from A r iy2. with the latter now free to 
upregulate the expression of a host of different antioxidant 
enzymes. Similar regulatory mechanisms exist for various 
transcriptional factors and coactivators. such as the FOXO family 
1 162} and PGCla 116.1]. This up regulation of antioxidant gene 
expression provides an attractive explanation for Ihe benefits of 
exercise -induced oxidative stress^ for example, exercise -induced 
upregulation of S0D2 in animals has been shown to exert 
cardioprotective effects against ischemia 1 re per fusion injury 1 164). 

It is evident that a holistic approach lis studying the cellular 
redox status should incorporate gene expression profiling for all the 
candidate genes implicated in redox balance regulation. DNA 
microarrays provide an invaluable tool for such studies. These 
microarrays are designed to quantify the expression of genes 
encoding prooxidant or antioxidant enxymes, as well as genes 
whose expression is regulated by Ihe main redox* sensitive 
transcriptional factors. A Ibt of candidate genes for inclusion in 
these microarrays is presented in Table 3. 

CONCLUSIONS 

The critical role of oxidative stress in atherogenesis is now well 
defined. Therefore, the development of technically easy and reliable 
methods to evaluate oxidative stress in clinical sellings is 

j>*ir^ivul - t]\ ]L'.ij:m[ t jut M M_:r_ ii*. Tt .". .r, t.nv hHMDflffcen i ■ £ 

oxidative sires* is challenging, since circulation usually behaves as 
a separate compartment than the individual structures of the 
vascular wall. Current approaches include the measurement of 
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djblt pmducu rtflcj*^d by ihc rtaclkto of ROS and 
v^cubr/cirvubting molecxiUr vtmcturct. such a% *ctum lipid 
hydntprroAidpt iptoduci^ of fully ^cid pcroxkljiiDni. pb*mti 
Ttulondialdchydr (jo end product erf lipid pe roAidaiion) or urine 
Htilhcr lhan pluMDA) FZ^thopioMjnci (.product ot thc pcroiidurion of 
phospholipid bound jniehidonic j*idi. Mom of ihrtc biomarkcrs 
have been inown lo have a predictive vjIuc in cjAliov^seuJur 
dinrAte. Alihmi^h their Irue biologieal meaning U unclear. 



On the other band, (jmiui Heal ion of oxidative fcircut ai a i 
level U much more accurate. Lucigenin 
L 4 ltCTtiilutmrte>cence mea>uret accurately superoxide radicals white 
Ihe use of DDE [either for in tiiu Gaining of vascular tegmenta or 
in the ictiin^ of an IIPLC quaniiHcaiion melhodi are aU» inipmtant 
i* for Ihe measurerneni of tuperoxide anions. Direct 
f free radicals, uxh as el 
>neclrowopy and other methods UMng electrode* able 



RGS dutvtly 4 including NO), ore ilio widely uwJ. Finally* the 
effect of oxidative slret* on gene expression profile ihnxi^h 
vascular redox sensitive transcripiional pathway* it alio j good 
method lo evaluate the comequcocc* of oxidative tliet* in die 
vascular wall, 

lo concluspjn. tncaturcinent of circulating bio marker* of 
oxidative .t:i .> b valuable and many of ihcm appear lo have 
predictive value in cardiovascular dUea*e. However, they do rwtf 
oeces*ariiY reflect intravascular oxidative tfrrM. ihat cannot be 
uted either at therapeutic target* or Jt marker* 10 monitor a 
pharmaeo|i>gic4l treatment in the clinical setting* It ix important lo 
discover new biomarkers lhai will be more representative of 
vascular oxidative %ir**v Tbc*e biomarfceri should be caty lo 
measure in peripheral circulation, in order to allow their use in 
clinical tellings, 
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